Abstract Under supersonic flow conditions, slender bodies in close proximity induce aerodynamic interference effects. This paper aims to quantify the magnitude of the resulting interference loads and to understand the underlying flowphysics mechanisms that cause them. A pair of identical slender bodies are investigated through a series of wind-tunnel experiments and supporting computational fluid dynamics (CFD) predictions. The bodies induce a complex interference flowfield, which tends to be bespoke to each configuration. The flow features include impinging shock and expansion waves, conical shock reflections, strong skewing of the boundary-layer flows and shock diffraction. The effects of axial stagger, lateral separation and the strength of the primary disturbance flow field are evaluated. The interference loads are found to be most sensitive to the initial location of the primary disturbance but are also affected by its strength. In addition, maximum interference loads which equate to an effective incidence of up to 6 • are observed. Finally, very good agreement is found between the measurements and the CFD predicted normal force and pitching moment.
Introduction
Aerodynamic interference can occur between two bodies placed in close proximity in a high-speed flow [1, 2] . The complex flowfield is dominated by the impinging shock and expansion waves, which originate from an adjacent body and subsequently impinge onto the body of interest. The interference aerodynamics is further complicated by multiple shock reflections, shock diffraction as well as viscous shock interactions with the body vortex and boundary-layer flows. The changes in static pressure and flow angularity across the impinging disturbances modify both the local and integrated aerodynamics in comparison to the body in isolation. The magnitude of the resulting interference loads and the nature of the underlying flow mechanisms causing these effects are the focus of this paper.
Very limited information is available in the open literature on the effects of mutual interference between slender bodies at high-speed. For a planar shock impinging on a conecylinder body at zero incidence, the induced changes in normal force and pitching moment coefficient were found to be 0.02 and 0.2, respectively [1]. These induced changes were found to increase by up to an order of magnitude when the receiver body was placed at an incidence of σ = 15 • . Interference effects of this order could modify the trajectory of the slender body and ultimately become significant through either a potential collision or if flight control cannot be sufficiently restored. Another study investigating two axially aligned slender bodies at zero incidence found that the polarity of the resulting interference loads was strongly dependent upon the lateral separation between the bodies [3] .
In addition to interference loads, the detailed flow physics of shock-body interactions are of prime importance [3] [4] [5] [6] . Brosh [7] and Hung [2] investigated a wedgegenerated shock passing over a cylinder at a freestream Mach R. A. Chaplin et al. Fig. 1 Schematic of the multi-body arrangement and co-ordinate system number of M ∞ = 3. They found that the shock footprintin terms of local pressure rise-decreased as the shock diffracted around the cylinder. In addition, the induced pressure rise on the nearside reduced quickly due to the impact of expansion waves from the generator forebody. These expansion waves did not diffract to the same extent as the impinging shock and thus the increase in pressure on the farside of the cylinder due to the diffracted shock was maintained along the body. Consequently, the differences between the strength and extent of the nearside and farside interactions significantly affected the local normal force distribution over the body. Finally, the nearside pressure rise also resulted in a local boundary-layer separation and a double-reflected shock structure around the nearside separation bubble. Both studies found that due to the induced circumferential pressure gradient a strong crossflow occurred which resulted in a local separation on the farside of the receiver body. A similar effect was also noted by Morkovin [8] .
The aims of this current study are threefold: to investigate the multi-body interference effects on the aerodynamic characteristics of a slender, axisymmetric body, to understand the flowfield mechanisms causing these effects and to assess the accuracy of the computational fluid dynamics (CFD) prediction method. To meet these aims, a wind-tunnel study has been conducted to determine the effect of the location and strength of the impinging disturbances on the aerodynamic force and moments. In addition, flowfield details provided by a selection of CFD predictions are used to develop a finer understanding of the interference flow mechanisms.
Experiment details

Model and wind tunnel arrangement
Two geometrically identical axisymmetric slender bodies were investigated which had a maximum diameter (D) of 25.4 mm, an overall length of 7.358 D and comprised of a 3.5 D tangent-ogive forebody followed by a cylindrical (Fig. 1) . Transition was fixed on both bodies using a 2-mm-wide circumferential strip of 0.1-0.3 mm diameter Ballotini grit attached 12 mm from the leading edge. The tests were conducted in the 0.69 m × 0.76 m supersonic wind tunnel at the Aircraft Research Association. The operating conditions were M ∞ = 2.5, a total pressure, P 0 , of 0.08MPa, with a total temperature, T 0 , of 308 K. This resulted in a unit Reynolds number of Re/m = 7.6 × 10 6 /m.
The multi-body test arrangement is illustrated in Fig. 2 . The uppermost body is considered as the generator and was mounted on the main support quadrant which controlled the incidence through a centre of rotation point at the base of the body. The lower body is considered as the receiver and was mounted using a 12.7 mm diameter sting. It was fitted with a M67/7 6-component, internal strain gauge balance which was fixed to a traversing mount to enable translational movement parallel and normal to the tunnel axis. Both bodies were placed along the centre of the tunnel and with zero sideslip (β = 0 • ). Finally, schlieren images were taken of the flowfield using a horizontal knife-edge arrangement.
